This paper presents experimental results of turbulent heat transfer and friction loss in a rectangular channel with perforated ribs of different widths. Repeated perforated ribs with a height-to-channel hydraulic diameter ratio of hIDe = 0.081 are arranged on the two opposite walls of the channel with an in-line fashion. Five rib widthto-height ratios (w/h =0.16. 0.35, 0.5. 0.7, and 1.0) are examined. The rib open-area ratio ( 0) and Reynolds number (Re) vary from 0 to 0.44. and 8.000 to 55.000. respectively. Previous results of the solid ribs of square shape are also included for comparison. Finite-fringe intertarometry is employed to visualize the flow patterns and determine the rib permeability. The results show that the rib width-toheight ratio significantly influences the heat transfer and friction characteristics in a perforated-ribbed channel by affecting the rib permeability. It is further found a slender perforated rib in a higher R:ynolds number range allows the rib to be permeable. Moreover, the critical Reynolds number of initiation of flow permeability decreases with decreasing the rib width-to-height ratio at a fixed rib open-area ratio. Friction and heat transfer correlations are also developed in terms of the flow and rib parameters.
INTRODUCTION
It is well known that the turbine engine thermal efficiency can be improved by increasing the turbine inlet gas temperature, which unavoidably will increase the heat load to the turbine components. Therefore, highly sophisticated internal and external cooling techniques for turbine blades have been developed over the years in order to maintain an acceptable safety requirement below the extreme operating conditions. The objective of the internal cooling for turbine blades is to achieve maximum internal heat transfer coefficients while minimizing either the coolant flow rate or the pumping power requirement. One such method is to route coolant air through serpentine channels within the blade and convectively remove heat from the blade. To further enhance the heat transfer coefficient, the walls of these channels are usually roughened with rib turbulators. During the past 20 years. numerous experimental studies for heat transfer in channels with ribs roughening one or two principal channel walls have been performed. and considerable data on this subject are available at the present time. Geometric parameters such as channel aspect ratio, channel shape, rib height. rib angle-of-attack. the manner in which the ribs are positioned relative to one another, rib spacing, and rib shape have a pronounced effect on local and / or average heat transfer coefficients. Some of these effects were studied by different investigators such as Burggraf (1971) . Webb et al. (1971) . Han et al. (1978) . Han (1984 Han ( . 1988 . Metzger et al. (1983 Metzger et al. ( . 1990 ). Chyu et al. (1989) . Lau et al. (1991) . RoeIler et al. (1991) . Taslim and Spring (1991) . Liou and Hwang (1992a, I992b. 1993) . Hong and Hsieh (1993) . Acharya et al. (1993) , and Taslim and Wadsworth (1994) . In th,. works mentioned above, the results are presented for solid rib geometries.
With regard to turbulent flow and heat transfer around perforated ribs (ribs with streamwise holes). Tanasawa et al. (1981 Tanasawa et al. ( 1984 , using the resistance heating and thermocouple technique, determined the heat transfer coefficients in a channel with perforated rib turbulators which were symmetrically mounted on two opposite walls. Among three types of turbulence promoters investigated, namely, solid rib. perforated rib, and slit rib. perforated turbulence promoters performed the best thermally. In addition, half-perforated turbulence promoters with perforations on the lower half (next to the channel wall) of the rib performed better than those with fully perforated turbulence promoters. Recently. Hwang and Liou (1994, 1995a I995b) systematically investigated the effects of rib open-area ratio, rib spacing, rib height, and the rib arrangement on the heat transfer performance in a rectangular channel with perforated-ribbed walls. The major findings were (I) local heat transfer deterioration that occurred just behind the solid rib could be removed by perforating the rib to be permeable. (2) the best heat transfer performance occurred for the rib with open-area ratio of 44%. (3) the rib permeability was significantly affected by the rib open-area ratio and Reynolds number, but independent of the rib spacing, rib height. and rib arrangement (including single ribroughened wall vs. two opposite rib-roughened walls, and in-line vs. staggered fashions).
As listed in Table I . the present work extends the author's previous investigations on the effect of the rib width on heat transfer and friction characteristics in perforated-ribbed channels. To the author's knowledge. experimental study on the influence of rib wide-to-height ratio on the thermal-hydraulic performance is rather sparse for channels with solid-rib-roughened walls, let alone for channels with perforated-rib-roughened walls. Consequently, empirical prediction methods are not available to evaluate the effect of rib width on the heat transfer and friction for the perforated-ribbed channels, which therefore constitutes concrete motivation for the present work.
EXPERIMENTAL FACILITY Apparatus
As shown schematically in Fig. I . the experiments are performed in an open-loop airflow system that consists of a settling chamber, a nozzle-like entrance, a test section. and a flow meter. A centrifugal blower driven by a 5 hp electric motor pulls air in the flow loop. The rate of mass flow of air through the flow loop is controlled by an inverter.
The test section is a 1.5 m long, 4 cm by 16 cm rectangular channel constructed of 6 mm thick aluminum plates and 5 mm thick Plexiglas plates. The interior surfaces of two side walls (i.e.. Plexiglas plates) of the channel are smooth and those of the other two opposite walls (i.e., aluminum plates) are roughened with perforated ribs. The perforated ribs are made of aluminum bar and attached to the two channel walls with silicon rubber adhesive. The rib angle-of-attack is 90 degrees. Aluminum plates and ribs are used for their high conductivity and machinability. Thermofoils (0.18-nun in thick) are adhered uniformly between the aluminum plate and a 6 mm thick fiberglass board to ensure good contact. In addition, two pieces of balsa wood (20 mm thick) are used to prevent heat loss from the upper and lower sides of the heated plates. A thin layer of glue (0.13 mm thick or less) at each of the above-mentioned interfaces ensures good contact, and the thermal resistance of which may be neglected (less than 1 percent). The test section is instrumented with twenty-eight copper-constantan thermocouples along the spanwise centerline of the heated plate and ribs for wall temperature measurements, as shown in Fig.2 . The junction-beads (0.15 mm in diameter) are carefully embedded into the wall, and then ground flat to ensure that they are flush with surfaces. The thermocouple emf signals of temperatures are transferred to a hybrid recorder, and all data are then sent to a personal computer via multi-I/0 interface. The pre-processing of the raw data can be carried out by using a built-in TURBO-C program by which the non-dimensional parameter can be calculated.
As for pressure-drop measurements, the bottom heated plate of the test section is replaced by a Plexiglas plate. A total of 18 pressure taps is installed in the region of 10 X'/De 6 12 along the spanwise centerline of the Plexiglas plate for local wall-static-pressure measurements. Moreover, to reduce the possible spatial error, an additional pressure tap is positioned at the location of An/De = 18 for the fully developed friction factor measurements. Each tap is connected to the micro-differential pressure transducer with an accuracy of 0.02 mm water column.
Holographic Interferometer
The real-time holographic interferometer employed has been described in detailed in Hwang and Liou (1995 a) and is not elaborated on here.
EXPERIMENTAL CONDITIONS AND DATA ANALYSIS Experimental Conditions
As shown in Fig.I and Table I . the rib height-to-channel hydraulic diameter (h/De) and rib pitch-to-height ratio (PiIh) are fixed at 0.081. and 10. respectively, for comparison with the previous results. The rib width-to-height ratio (w/h ) varies from 0.16(0 1.0. At each rib widthto-height ratio, the rib open-area ratio fib n IT 021 (2 W It) is varied from 0 to 0.44. The Reynolds number (based on the duct hydraulic diameter and bulk mean velocity) for each rib configuration is changed from 8.000 to 55.000. Since the periodic fully developed heat transfer and friction characteristics in a ribbed channel are of interest data are taken about ten to twelve hydraulic diameters downstream of the test section entrance ( 10 X'/De g 12) where spatially hydrodynamic and thermal periodicity is achieved (Liou. and Hwang. 1992 b) .
Data Analysis
The local drag coefficient is defined as the ratio of the wall static piassure drop and fluid dynamic pressure as
where P" is the reference pressure and is represented by the value of the first pressure tap. and. P" the static wall pressure at the position X In fully developed channel flow. the Fanning friction factor can be determined by measuring the pressure gradient across the channel and mean velocity of the air, and is expressed as:
Both the local drag coefficient and the friction factor are based on the adiabatic conditions (test without heating). The maximum uncertainties of Co and f are estimated to be less than 7.1 percent and 7.3 percent. respectively. for Reynolds number larger than 8.000 by using the uncertainty estimation method of Kline and McClintock (1953) .
The average convection heat transfer coefficient of the heated surface is presented in terms of the average Nusselt number, which is defined as
where q", represents the net heat transfer rate from the ribbed wall to the coolant and is calculated by subtracting the heal losses (q) from the supplied electrical power (q,). The electrical power generated from the thermofoil on each surface is determined from the current and the resistance for the thermofoil. It is also checked by measuring voltage drop across each thermofoil. The effect of local temperature variation on the thermofoil is calculated to be small and is neglected. Thus, the thermofoil ensured a nearly uniform heat flux on each surface of the test duct. The heat losses during the experiment are estimated by the following equation:
where qt. is the conductive heat loss from the back sides of the heated plates (ribbed walls) and the vertical adiabatic plates (smooth walls) to the environment. By using the one-dimensional conduction analysis. the conductive heat loss is estimated to be less than 9.0 percent of the electrical power dissipation for the range of Reynolds numbers tested. The radiative heat loss from the roughened surface to its surroundings, q,. is evaluated by a diffuse gray-surface network, and is less than 0.5 percent of the total electrical power input. The axial conductive heat loss. q" through upstream and downstream ends of the heated plates and is estimated to be less than 1.0 percent of the total electrical power input for Reynolds numbers larger than 8,000. The average wall temperature in equation (3) is read from the hybrid recorder directly, whereas the local bulk mean temperature of the air is calculated from the measured channel inlet and outlet temperatures by assuming a linear rise along the test duct As estimated by the method of Kline and McClintock (1953) . the maximum uncertainty of the Nusselt number is less than 8.2 percent for Reynolds numbers larger than 8,000. Thermal performance evaluation under the constraint of constant pumping power is widely used in applications for the gas turbine cooling (Han. 1988: Liou and Hwang, 1992 b) . For this case, the average heat transfer coefficient for a perforated-ribbed wall ( Nu ) is compared with the smooth-walled value ( Nu, ') with the flow rate at which the pumping power is the same as that obtained for a perforated-ribbed channel (Hwang and Liou, 1995a) . Since the pressure drop in a perforated-ribbed channel is larger than that in a smooth channel, it should take a higher flow rate (or Reynolds number) in a smooth channel to dissipate the same pumping power as in a perforated-ribbed channel. Hence, the value of Nu,' is always larger than that of Ni,,. To impose this constraint, it is nerectory to find the relationship between the Reynolds number (Re) relative to the perforated-ribbed duct and the corresponding Reynolds number (Re) ) for the smooth duct that yields the same pumping power. The pumping power (PP) required to drive a flow rate (an) through a pressure drop ( AP) is
For a ribbed channel and a smooth channel which have equal hydraulic diameters and lengths. the constraint of equal pumping power can be reduced to (1• Re3)111:ed channel = in • (Re s)iirmootherefflas (6) Therefore, the thermal performance on the constant pumping constraint can be presented by the relation between the average Nusselt number ratio Nu / Nu,' and Re'. In equation (6), the friction factor of the smooth channel can be represented by the Blaisus correlation for the fully developed flow in a smooth circular tube, i.e., f,= 0.079Re 25 (Liou and Hwang, I992a) . The maximum uncertainty of the Nu,' is less than 8.2 percent by the method of Kline and McClintock (1953) .
RESULTS AND DISCUSSION

Permeability Limit
In the previous works by Hwang and Liou (1995 a, b) , the heat transfer and friction characteristics in a channel with perforated-ribbed walls were found to be highly affected by the flow patterns around the ribs, which depends on the permeability of the perforated ribs. Therefore, prior to measuring the heat transfer and friction characteristics, it is important to determine the pameability of the perforated ribs of various widths. For this purpose, laser holographic interferometry is employed to determine the rib permeability through visualizing the flow patterns around the rib. Typical examples of the Unite-fringe interferograms for the ribs with various widths are shown in. Fig. 2 . The rib open-area ratio is fixed at 15 = 22 %. while the Reynolds number varies from 12.000 to 30.000. The main flow is from left to right. At the smallest rib width. w/h = 0.16. intense saw-shaped fringes are found behind the rib which means a strong multi-jet flow emits from the rib rear face. That is. part of channel fluid penetrates the rib and. in turn, breaks up the recirculating bubble behind the rib. As the rib width increases from w/h = 0.16 to 0.5. this phenomenon gradually weakens. In fact, the saw-shaped-fringe patterns for wilt = 0.5 (Fig. 2 (c) ) appear intermittently. That is the flow is very unsteady at these flow and geometric conditions. For rib width-to-height ratio equal to and greater than 0.7 (Figs. 2 (d) and 2 (e)). the flow patterns are similar to those around the solid rib (Hwang. and Liou. 1995 a) . This is because the flow inertia can not overcome the large drag (including the friction and form drags) caused by the presence of the rib and, therefore, the main channel flow has to turn from the duct wall into the contraction between the two opposite ribs. This will be verified later. Comparison of Figs 2 (d) and to shows the effect of Reynolds number on the flow patterns around the perforated ribs with a fixed rib open-area ratio ($ = 22 %) and rib width-to-height (w/h = 0.7). At the higher Reynolds number condition, the perforated rib is easier to be permeable due to the higher flow inertia.
According to the visualized flow patterns provided by the above interferograms. the permeability limit of the perforated rib may be plotted as a function of Reynolds number. rib open-are ratio, and rib with-to-height ratio. as displayed in Fig. 3 . The centerline is the previous results of square rib shape (wilt = 1.0. Hwang and Liou. 1995 a) . The solid symbols are actual values obtained from the experiment. and the error bounds are caused by the unsteady or intermittent appearance of the saw-shape fringes behind the ribs. The curves passing through these symbols are the curve-fitting results. Physically. the permeability limit is a criterion for the change of the flow patterns. When the data lie above the curve, the ribs are permeable. i.e.. the flow patterns of multi-jets appear behind the rib. Contrarily, if the data lie below the curve, the ribs are impermeable and the flow separation. reversal and reattachment occur around the rib. From this figure the permeable zone occurs for higher rib open-area ratios at higher Reynolds numbers. At a fixed rib open-area ratio, the permeability limit decreases with decreasing the rib width-to-height ratio. That is the critical Reynolds number of initiation of flow permeability decreases with decreasing the rib width-to-height ratio when the rib open-area is fixed. Note that for the range Reynolds number investigated, the rib with fi = 5 % are impermeable for wilt = 0.35. 0.5, and 0.7 and. therefore, no data are presented on this figure. For this reason the critical Reynolds numbers are represented by extrapolative dashed-lines in this region. This fact indicates that a critical value of Sexists between 5% and 10% for 0.35 g w/h 0.7. which makes the rib permeable for the range of Reynolds number investigated.
Local Drag Coefficient
To further examine the flow permeability, static-wall-pressure measurements are undertaken. From these the local drag coefficient distributions are calculated and shown vs. axial distance in Figs. 4 and 5 for the solid-ribbed and perforated-ribbed geometries. respectively. In these figures. the Reynolds number is fixed at 12.000 and the rectangular blocks on the horizontal axis represent the rib locations. Generally. figure 4 shows the local drag coefficient drops steeply across the rib. and then gradually recovers in the inter-rib region. Furthermore, the effect of the rib width-to-height ratio on the local drag coefficient distribution is very week and negligible. This is because the pressure drop across the solid rib is mainly contributed by the from drag of rib, which is nearly independent of the rib width in the range of rib width investigated (Street et aL. 1976) . It is noted Begeles and Athanassiadis (1983) investigated the rib-width effect on the friction performance in a channel with 4 single rib on the wall, and found that the change in friction performance with the rib width is trivial for the rib width-to-height ratio smaller than five. For simplicity. the experimental data given in Fig. 4 is correlated by a single solid with maximum deviation less than 10 percent.
Typical results illustrating the effect of the rib width-to-height ratio on the local drag coefficient distribution along the perforatedribbed wall are displayed in Fig. 5 . Four plots in figure 5 respectively give the results of $= 10 % 22 %. 3804 and 44%. The solid curve in each plot is the correlation of solid-rib results from Fig. 4 . At 0= 10% ( Fig. 5 (a) ). the Co distribution along the perforated-ribbed wall is largely similar to that along the solid ribbed wall (solid curve) except for the smallest rib width (h/w = 0.16). The CD distribution for h/w =0.16 is more even than those of the other wider ribs due to the lower form drag accompanied by the permeable rib. As the rib openarea ratio increases to 13 = 22%, not only the data of hAv = 0.16 but also those of it/w = 0.35 depart from the solid curve. At the larger rib open-area ratios. /3= 3804 and 44 %, almost all data fall in another similar distribution which is flatter than the solid line due to the less form drag. Liou. and Hwang, 1992 a), respectively. Figure 6 shows that the effect of the rib width-to-height ratio on the average Nusselt number for the solid rib-geometry is nearly negligible for the range of rib width investigated. As for the perforated-ribbed walls, the effect of the rib width-to-height ratio on the average Nusselt number for four investigated rib open-area ratios is shown in Figs. 7 (a) to 7 (d). The previous results for the channel with square perforated ribs (w/h = 1.0. Hwang and Liou. 1995 a) represented by the solid circular symbols are also included for comparison. At fit 10 %, as shown in Fig. 7 (a) , the perforated rib geometry with the smallest rib width, i.e., wilt = 0.16, provides a slightly higher Nusselt number than the solid rib geometry. Similar results are also obtained for the rib with wilt = 0.35 in a higher Reynolds number range (Re > 30.000). Both of these results are because the ribs are permeable under these flow and geometric conditions (Fig. 3) . As the rib open-area ratio increases, more of the data fall above the correlation of the solid-ribbed geometry. At ufl = 38 Va, only the data of wider ribs (wilt k 0.7) in a low Reynolds number range (Re = 8.000) still fall on the solid-rib-walled correlation.
Average Heat Transfer and Friction
The results presented in Fig. 6 and 7 can be grouped into two different correlations i'spectively. one for the impermeable-ribbed walls and another for the permeable-ribbed walls:
for impermeable ribs (7) Su = 0.351 Re° 624( I • $ ) 007 for permeable ribs (8) These two correlations are displayed in Fig. 8 . Comparing the experimental data with the above correlations. Fig. 8 shows the maximum relative error is less than 9.0 percent. and the mean relative error is only 2.5 percent. In fact, the correlation of the impermeableribbed wall (equation (7)) is the same as the previous correlation of the solid-ribbed-wall with square rib shape . That is the previous correlation for the solid-ribbed wall with square rib shape is also valid for the present data of impermeable-ribbed wall with various rib widths. Note that the average Nusselt number of the perforated rib is dependent on the parameters investigated here. including the Reynolds number, the rib open-area ratio, and the rib width-to-height ratio, although the rib width-to-height ratio is not presented explicitly in the above equations. In fact, the rib width affects the average Nusselt number through changing the rib permeability. The procedure of predicting the average Nusselt number of the perforated-ribbed wall by using the present data is as follows.
When the rib width-to-height ratio, rib open-area ratio. and the flow Reynolds number are given, the rib permeability can be judged by Fig.  3 . Then. the average Nusselt number is predicted directly from the equations (7) and (8) for the impermeable-and permeable-ribbed walls. respectively. Although. permeability limits of the perforated ribs with various widths have been deduced by examining the local drag coefficient distribution as given in Figs. 3 and 4 . the total pressure losses in a finite length of the ribbed channel are desired in application to gas turbine blade cooling design. Hence, attention is now turned to the average friction factor of the ribbed channel. The Reynolds number dependence of friction factor for the solid-ribbed channels with various rib widths is displayed in Fig.9 . The solid line and the solid circular symbols are the previous results of the solid-ribbed channel and the perforated-ribbed channel (Hwang and Liou. 1995 a) . respectively, with a square rib shape (w/h 1.0). As shown in Fig. 9 (a) , at )9= 10 %, the friction factors for narrow ribs = 0.16. and 0.35) are significantly lower than those of the wider ribs (except for the low Reynolds number range) because the narrow rib is permeable which results in the lower form drag. Again, as the rib open-area ratio increases, more data depart from the solid-ribbed wall correlation. It is concluded that the ribs with lower width-to-height ratios and higher open•area ratios in a higher Reynolds-number flow could yield a lower pressure-drop penalty.
Also. from the data given in Fig. 9 . the friction factors of the ribbed channels investigated could be described by two correlations:
for the impermeable ribs (9)
Jo 0.043413 4 in for the permeable ribs (10)
Comparing the experimental data with the above correlations, as shown in Fig. 10 . the maximum relative error is less than 7.0 percent, and the mean relative error is only 2.5 percent. The present solidribbed correlation with various rib widths is very similar to that with square rib shape, and with a slight difference in the Reynolds-number dependence and the coefficient. Also. the previous correlation for the perforated-ribbed channel with square rib shapes (Hwang, and Liou. 1995 a) is also available for the present data of the permeable-ribbed channel.
Performance Comparison
From the results of the slightly higher heat transfer augmentation and of the lower pressure drop penalty for the permeable-ribbed geometry, it is expected that there is a superior thermal performance at the constant pumping power condition for the permeable-ribbed geometry as compared with that for the solid-ribbed wall. In Fig. II . the constant-pumping power performance of the perforated-ribbed channel with various rib width is presented .by the relation of the Nu Mu,' and Re'. It is obvious that at lower Re' both the permeableand impermeable-ribbed geometries yield higher thermal performances than those at higher Re'. This is very reasonable because the Reynolds-number dependence on the average heat transfer (about 0.62 in exponent. equations (7), and (8)) is less than that on the friction power (3 in exponent. equation (6)). In the case of permeable rib, the values of Ahr /Nu are higher than those of impermeable rib at this Reynolds number range.
SUMMARY AND CONCLUSIONS
The research described here, in conjunction with the authors' previous efforts, constitutes a comprehensive study of turbulent heat transfer and friction characteristics of perforated-ribbed channels with various rib widths. The crucial geometric parameter of rib width-toheight ratio (0.16 6 w//i6 1.0) has been systematically investigated. The other interesting flow and geometric parameters include the Reynolds number (8.000 6 Re6 55,000), the rib open-area ratio(0 13 544%). The contribution of the present work is to first propose the permeability limit of the perforated rib of various widths, and then to develop the friction and heat transfer correlations of permeable-and impermeable-ribbed geometries. In addition, regardless the manufacturing concern, the perforated rib with a smaller rib width-toheight ratio is recommended for the gas turbine blade cooling because of the reduced material and superior thermal performance. The other important findings obtained from this work are: I.
As for the solid-ribbed geometry, the effect of rib width on the heat transfer and friction is negligible for the range of lib width-toheight ratio investigated.
2.
The rib width strongly affects the permeability of the perforated rib and, in turn, affects the heat transfer and friction characteristics of the perforated-ribbed channel. The permeability limit of the perforated rib decreases with decreasing rib width-to-height ratio.
3.
The rib permeability determined from flow visualization has been verified by the measurement of the local wall-static-pressure distribution. The distribution of local drag coefficient for the permeable-ribbed geometry is significantly flatter than that for the impermeable-ribbed geometry at the same flow Reynolds number due to less form drag.
4.
As compared with the impermeable-ribbed results, the average Nusselt number and friction factor of the permeable-ribbed geometry are about 105 -120 percent and 60 -85 percent, respectively, for Reynolds number between 8.000. and 55.000. Combining these two factors reflects a higher thermal performance for the permeable-ribbed geometry at these lower Reynolds numbers. 
